


















Boson-fermion unification, superstrings, and Bohmian mechanics
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Bosonic and fermionic particle currents can be introduced in a more unified way, with the cost of
introducing a preferred spacetime foliation. Such a unified treatment of bosons and fermions natu-
rally emerges from an analogous superstring current, showing that the preferred spacetime foliation
appears only at the level of effective field theory, not at the fundamental superstring level. The
existence of the preferred spacetime foliation makes the Bohmian interpretation of particle quantum
mechanics more appealing. The superstring current allows a consistent Bohmian interpretation of
superstrings themselves, including a Bohmian description of string creation and destruction in terms
of string splitting.
PACS numbers: 03.65.Pm, 11.30.Pb, 11.25.-w, 03.65.Ta
I. INTRODUCTION
All known elementary particles belong to one of the
two fundamentally different types: bosons and fermions.
The unification of these two types of particles is one of the
most fundamental issues in elementary-particle physics.
The best known theoretical principle for the unification
of bosons and fermions is supersymmetry (see, e.g., [1]).
In particular, supersymmetric field theories are invari-
ant with respect to a transformation that mixes bosonic
and fermionic fields. Nevertheless, in field theories, each
particle species is described by a different field. Con-
sequently, in supersymmetric field theories, bosonic and
fermionic fields are still different fields.
Different particle species are truly unified in string the-
ories [2, 3, 4]. In string theory, different particle species
correspond to different states of a single object – the
string. Consequently, in supersymmetric string theory
(shortly – superstring theory), bosons and fermions cor-
respond to different states of a single string.
One of the differences between bosonic and fermionic
particles is the fact that bosonic particles are described
by second-order differential equations (e.g., Klein-Gordon
equation), whereas fermionic particles are described by
first-order differential equations (e.g., Dirac equation).
Consequently, the properties of the associated conserved
particle current jµ(x) are substantially different for
bosons and fermions. The most notable difference is the
fact that j0(x) cannot be negative for fermions, whereas
it can be negative (as well as positive) for bosons (see,
e.g., [5]).
In contrast to bosonic and fermionic particles, a super-
string satisfies a set of equations called super-Virasoro
constraints that, in particular, contains stringy analogs
of both the Klein-Gordon equation and the Dirac equa-
tion. In this paper we exploit this unifying feature of
bosons and fermions to introduce a new, more unified,
theoretical framework to describe some aspects of bosons
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and fermions. More precisely, we introduce (i) particle
currents for bosons and fermions in a more symmetric
manner, and (ii) a superstring current from which these
bosonic and fermionic particle currents can be derived.
In construction of these particle and superstring cur-
rents we get confronted with two seemingly obscure fea-
tures. First, it turns out that the symmetric treatment of
bosonic and fermionic particle currents requires an intro-
duction of a preferred foliation of spacetime. It seems sur-
prising that a requirement of one symmetry (a symmetry
between bosons and fermions) breaks another symmetry
(a spacetime symmetry). Is there any reasonable physical
interpretation of such a preferred foliation of spacetime?
Second, the physical meaning of the particle and super-
string currents themselves seems obscure too. What is
the physical interpretation of these currents? In this pa-
per we argue that these seemingly obscure features ac-
quire a natural interpretation in the context of Bohmian
interpretation of particles and strings. To explain it, let
us introduce the reader to the subject by shortly explain-
ing what the significance of the Bohmian interpretation
is, what the main problems with this interpretation are,
and how the results of this paper help in solving them.
The Bohmian interpretation [6, 7, 8, 9, 10] is the
best known and most successful attempt to introduce a
hidden-variable completion of quantum mechanics (QM).
According to this interpretation, particle positions or
fields have a continuous and deterministic dependence on
time even when they are not measured, while all quan-
tum uncertainties emerge from an ignorance of the actual
initial conditions. This interpretation offers a solution to
the measurement problem of quantum mechanics, but
leads to several problems that make this interpretation
not widely accepted.
First, owing to the Bell theorem [11], any hidden-
variable completion of quantum mechanics must be non-
local, which is usually considered unacceptable in particle
physics and field theory. However, string theory contains
certain nonlocal properties that have no analog in par-
ticle physics and field theory (see, e.g., [12, 13]), so, as
observed in [14], nonlocality does not seem to be an unac-
ceptable feature from the point of view of string theory.
2Moreover, the nonlocal string Bohmian equation of mo-
tion seems to be a natural consequence of the world-sheet
covariance of string theory [15], which is an argument for
the Bohmian interpretation that has no analog in particle
physics.
Second, in the Bohmian interpretation of nonstring
theories, it is not clear whether the fundamental ob-
jects are particles or fields. Owing to the fundamental
difference between bosonic and fermionic particle cur-
rents discussed above, as well as owing to the obscure
nature of Grassmann-valued fields, it is often argued that
bosons are fields, whereas fermions are particles [9, 10].
Another boson-fermion asymmetric Bohmian interpreta-
tion proposes that only bosonic fields have a true objec-
tive existence [16], so that all measurements eventually
reduce to a detection of bosons (e.g., photons). How-
ever, such boson-fermion asymmetric interpretations are
clearly incompatible with superstring theory. In this pa-
per we formulate the Bohmian interpretation of super-
strings, which in the low-energy limit necessarily leads
to a boson-fermion symmetric Bohmian interpretation of
bosonic and fermionic particles. Thus, superstring theory
supports a picture according to which, at low energies,
fundamental objects are bosonic and fermionic particles,
rather than fields. (An independent argument for regard-
ing particles as more fundamental than fields comes from
the cosmological-constant problem [17].)
Perhaps the most undesirable feature of the Bohmian
interpretation is the fact that all attempts to reconcile
nonlocality of the Bohmian interpretation with the re-
quirement of relativistic covariance lead, in one way or
another, to a preferred foliation of spacetime (see, e.g.,
[9, 10, 17, 18, 19, 20, 21, 22, 23]). On the other hand,
most other interpretations of quantum mechanics (which,
of course, have their own problems not shared by the
Bohmian interpretation) do not need such a preferred
foliation. Therefore, the Bohmian interpretation would
be much more appealing if there were an interpretation-
independent theoretical argument for the existence of a
preferred foliation. In this paper we argue that it is
precisely the requirement of boson-fermion unification
of the particle currents that provides such a missing ar-
gument for the existence of a preferred foliation, which
then makes the Bohmian interpretation more appealing
as well.
Last but not least, a frequent argument against the
Bohmian interpretation (and in fact, against almost any
specific interpretation of quantum mechanics) is that it
does not seem to lead to new measurable predictions.
However, the fact is that the variant of the Bohmian in-
terpretation of bosonic particles used, e.g., in [24, 25],
and generalized here for fermionic particles and super-
strings as well, does lead to new measurable predictions
[25] that could be experimentally verified in the future.
The paper is organized as follows. In the next section
we study bosonic and fermionic particle currents and use
heuristic arguments (based on the assumption of boson-
fermion unification) to construct a new fermionic parti-
cle current that leads to a preferred spacetime foliation
in effective field theory. In Sec. III we introduce a natu-
ral superstring generalization of the particle current from
which the unified bosonic and fermionic particle currents
can be derived. Sec. IV is devoted to the Bohmian in-
terpretation, in which these particle and superstring cur-
rents attain a natural interpretation. The conclusions are
drawn in Sec. V.
In the paper, we use the spacetime signature
(+,−, · · · ,−), while the units are chosen so that h¯ =
c = 1.
II. PARTICLE CURRENTS FOR BOSONS AND
FERMIONS
A. The standard approach
A prototype of a wave equation for a bosonic particle
is the Klein-Gordon equation
(∂µ∂µ +m
2)ϕ = 0. (1)
(Unless stated otherwise, in this section we assume that
the number of spacetime dimensions is D = 4.) It de-






We see that the Klein-Gordon equation is a second-order
equation, and consequently, that the conserved current
contains the first derivatives of ϕ. We also see that j0
is not necessarily positive. Even if ϕ is a superposition
of plane waves with positive frequencies only, j0(x) may
still be negative locally. In particular, it implies that
j0(x) cannot be interpreted as a relativistic probability
density.
A prototype of a wave equation for a fermionic particle
is the Dirac equation
(iγµ∂µ −m)ϕ = 0. (3)
It describes particles with spin 12 . Here γ
µ are matrices
that satisfy the Clifford algebra
{γµ, γν} = 2ηµν , (4)
where ηµν = diag(1,−1,−1,−1) is the Minkowski met-
ric. They also have the property γ0† = γ0, γi† = −γi, for
i = 1, 2, 3. The wave function ϕ is a 4-component spinor.
The algebra (4) implies that ϕ in (3) also satisfies the
Klein-Gordon equation (1). On the other hand, a solu-
tion of the Klein-Gordon equation (1) does not necessar-
ily need to satisfy the Dirac equation (3). Consequently,
from solutions of (3) one can construct a different con-
served current that, in general, cannot be constructed
from solutions of (1). This current naturally associated
with (3) is the Dirac current
jµD = ϕ¯γ
µϕ, (5)
3where ϕ¯ ≡ ϕ†γ0. It can be shown (see, e.g., [5]) that (5)
transforms as a vector, and similarly, that ϕ¯ϕ transforms
as a scalar. We see that the Dirac equation (3) is a first-
order equation, and consequently, that the conserved cur-
rent (5) does not contain derivatives of ϕ. Eq. (4) implies
γ0γ0 = 1, so (5) implies j0D = ϕ
†ϕ ≥ 0. In particular,
it implies that j0D(x) as given by (5) can, potentially, be
interpreted as a relativistic probability density. (This,
of course, does not prove that such an interpretation is
physically correct.)
The moral of this subsection is that, in the standard
approach, there is a large difference between bosonic and
fermionic wave functions and associated conserved cur-
rents. In particular, whereas the quantity j0D can, po-
tentially, be interpreted as a probability density for the
fermionic case, such an interpretation of j0 does not work
in the bosonic case. Of course, when ϕ is interpreted as
a bosonic or a fermionic quantum field (see, e.g., [26]),
then such a probabilistic interpretation of ϕ is no longer
an issue. However, as reviewed in [27], quantum field
theory (QFT) does not completely solve the problem, be-
cause it does not explain why the “first-quantized” prob-
abilistic interpretation of ϕ∗(x)ϕ(x) is physically correct
in the nonrelativistic limit. Moreover, from the string-
theory perspective, it is possible that string field theory
is not the correct approach to treat the string interactions
[28], which implies that, at low energies, particles may be
more fundamental objects than fields. Thus, the goal of
this paper is to introduce currents that treat bosons and
fermions in a more symmetric way and to give an appro-
priate physical interpretation of such currents.
B. The Duffin-Kemmer approach
To make boson and fermion currents more similar, it
has been proposed to replace the Klein-Gordon equation
for spin-0 particles with a first-order equation similar
to the Dirac equation. Such a first-order equation de-
scribing massive spin-0 particles is known as the Duffin-
Kemmer equation [29]
(iβµ∂µ −m)Ψ = 0, (6)
where βµ are matrices that satisfy
βµβνβλ + βλβνβµ = βµηνλ + βληνµ. (7)
The wave function Ψ has 5 components that are related









The appropriate conserved current has been constructed
in [30]. (For a review with an application to the Bohmian
interpretation, see also [31].) One first constructs the
conserved energy-momentum tensor
Θµν = mΨ¯(βµβν + βνβµ − ηµν)Ψ, (9)




where nµ is a unit future-oriented timelike vector. In par-
ticular, by taking nµ = (1, 0, 0, 0), one finds j0DK = Θ
00 =
mΨ†Ψ ≥ 0, which, potentially, may be interpreted as a
probability density. However, a price to be paid is that
it is necessary to introduce a special timelike direction
determined by the vector nµ. This direction defines a
preferred foliation of spacetime.
We also note that bosonic and fermionic currents are
still quite different, as the fermionic current (5) is not
constructed from the energy-momentum tensor, whereas
the bosonic current (10) is. In fact, as we shall see in
Sec. III, the Duffin-Kemmer approach reviewed above
does not seem to be supported by superstring theory.
Therefore, in the next subsection, we propose a different
approach.
C. A bosonlike approach
In the preceding subsection, we have reviewed an ap-
proach that attempts to modify the bosonic current in
a manner that makes it more similar to the standard
fermionic current. One of the consequences is a need to
introduce a preferred foliation of spacetime. In this sub-
section we propose a reversed strategy: we modify the
fermionic current in a manner that makes it more sim-
ilar to the standard bosonic current. It will turn out
that a need for an introduction of a preferred foliation
of spacetime will emerge again. However, such a unified
treatment of bosonic and fermionic currents will turn out
to be supported by superstring theory.
Consider a spin- 12 wave function ϕ that satisfies the
Dirac equation (3). There are 4 “natural” (but different)









Let us shortly discuss their properties. The first cur-
rent ϕ¯γµϕ is the standard fermionic current (5). It is
conserved, real, and transforms as a vector. The second
current ϕ†γµϕ is not conserved, the space components
are not real, and it does not transform as a vector. The
third current iϕ¯
↔
∂µ ϕ, just as the standard one, is con-
served, real, and transforms as a vector. The last current
iϕ†
↔
∂µϕ is conserved and real, but it does not transform
as a vector. So, which current is the correct one? Since
our main guiding principle is the unification of bosons





because only this current has the same form as the
bosonic current (2). More precisely, (12) looks just like
4a current of a many-component spin-0 wave. Therefore,
we propose that (12) is the correct current for fermionic
particles. Indeed, as we shall see in Sec. III, such a uni-
fied particle current for bosons and fermions naturally
emerges from superstring theory. Therefore, for the sake
of an easier comparison with superstrings, we also write
(12) in a slightly different form. The spinor components
ϕm can be represented by ϕ(m) =
∑
m′ δ(m −m′)ϕm′ ,
which allows to view the label m as a continuous label







Eq. (13) will turn out to have a natural generalization in
superstring theory.
The problem with our choice (12) is that this current
does not transform as a vector. Nevertheless, this prob-








where nµ = (1, 0, 0, 0). From the last expression in (14),
we see that this current transforms as a vector. How-
ever, the price paid is that it is necessary to introduce
a preferred foliation of spacetime induced by the unit
future-oriented timelike vector nµ. The physical mean-
ing of such a preferred foliation is discussed in the next
subsection.
D. Preferred foliation and particles vs fields
It is interesting to observe that both attempts (the
one introduced in the preceding subsection as well as the
one reviewed in Sec. II B) to introduce particle currents
for bosons and fermions in a more similar way led to a
preferred foliation of spacetime. Does this fact brings
a deeper physical message? In this subsection we give
some quantitative and qualitative arguments for what we
conjecture that this physical message is.
In Eq. (14), the need for an introduction of a preferred
foliation of spacetime emerged from the observation that
otherwise the current (12) does not transform as a vec-
tor. But why exactly (12) does not transform as a vector?
This is because ϕ is a spinor (not merely a collection of
scalars) that transforms nontrivially under Lorentz trans-
formations. But why must ϕ transform in such a non-
trivial way? This transformation is derived [5] from the
requirement that the Dirac equation (3) should be covari-
ant. However, the crucial assumption in this derivation is
that γµ is not a vector, but a collection of fixed matrices.
Conversely, if γµ were assumed to be a vector, then the
covariance of (3) would be consistent with the possibility
that ϕ does not transform as a spinor, but merely as a col-
lection of Lorentz scalars. (This should not be confused
with a more common approach based on vielbeins [3, 32],
in which γµ transforms as a vector under general coor-
dinate transformations. In this picture, ϕ transforms as
a spinor under internal Lorentz transformations, which
does not comply with our unifying picture of bosons and
fermions. The relation between these two pictures will
become clearer in Sec. III.) In this case, the current (12)
would be a genuine vector without the need for an in-
troduction of a preferred foliation of spacetime. Could
such a reinterpretation of the current (12) be the correct
one? As we shall see in Sec. III, in superstring theory
(which, indeed, provides an explicit unification of bosons
and fermions) γµ really emerges from a vector quantity
and ϕ really emerges from a quantity that transforms as
a Lorentz scalar. Thus, from the fundamental superstring
point of view, the current (12) is naturally interpreted as
a genuine vector.
Now, with such a reinterpretation of γµ and ϕ, it is
the Dirac current (5)
jµD = ϕ
†γ0γµϕ (15)
that does not transform as a vector, unless a preferred




Does the fact that now (15) does not transform as a vec-
tor represent a physical problem? For free particles, there
are no substantial problems. For example, the Dirac
equation can be derived from a scalar Lagrangian den-
sity ϕ†(iγµ∂µ −m)ϕ, while the Dirac current (15) does
not play a particular role for free particles. However, the
Dirac current plays an important role for particle inter-
actions. For example, the coupling between a charged
fermion and the electromagnetic field Aµ is given by the
interaction Lagrangian proportional to Aµj
µ
D, which now
is not a scalar, unless a preferred foliation is introduced.
This means that a true problem occurs only when one at-
tempts to describe particle interactions. However, from
the fundamental superstring point of view, this does not
represent a problem at all because, in perturbative su-
perstring theory, all interactions are described by the free
superstring Lagrangian [3, 4]. Thus, the problem occurs
only at the level of low-energy effective QFT description
of interactions.
The observations above also lead to an interesting rein-
terpretation of the theory of quantum particles and fields
in classical curved backgrounds. In the usual interpreta-
tion of QFT in curved spacetime [32], the fundamental
quantity is assumed to be a quantum field operator φˆ(x),
while the concept of a particle is regarded as emergent.
It turns out that the notion of particles depends on the
choice of the time coordinate with respect to which the
notion of positive and negative frequencies is defined. In
other words, in general, the notion of a particle is not
well defined. An alternative is to introduce a preferred
foliation of spacetime, which then allows to introduce
a unique notion of particles described by local covariant
field operators of particle currents [33]. The point is that,
5when the field is assumed to be fundamental, then it is
the particle (not the field) that is problematic and re-
quires a preferred foliation. On the other hand, if one
assumes that the fundamental quantity is not a field but
a superstring, then the low-energy object described by
the fundamental quantity is a particle, not a field. (Of
course, if the fundamental quantity at high energies is
not a string but a string field, then the conclusion above
changes. Here, however, we consider the possibility that
string field theory is not the correct approach to treat
strings at a nonperturbative level [28].) In other words,
from the point of view of the fundamental perturbative
superstring theory, at low energies particles are more fun-
damental objects than fields, while fields only serve as
auxiliary mathematical objects useful for a description
of particle interactions at low energies. This means that
in curved spacetime particles should be well defined even
without a preferred foliation, while it is the concept of an
associated quantum field that is not well defined unless a
preferred foliation is introduced. Indeed, such a reinter-
pretation of QFT in curved spacetime is consistent with
our conclusion above that a need for a preferred folia-
tion in the Dirac current (16) occurs only at the level of
low-energy effective QFT description of interactions.
To further clarify the conceptual difference between
quantum particles and fields, consider a free hermitian
quantum field operator φˆ(x) satisfying the Klein-Gordon
equation (1). To attribute a particle interpretation to the









where the functions ϕk(x) and ϕ
∗
k(x) have positive and
negative norms, respectively, and constitute some com-
plete orthonormal set of solutions to (1). In the particle
interpretation, the operators aˆk and aˆ
†
k are interpreted
as the destruction and creation operators, respectively.
However, in a curved-spacetime generalization of (1), the
choice of the basis {ϕk, ϕ∗k} is not unique, which implies
that the definition of particles based on the destruction
and creation operators aˆk and aˆ
†
k is also not unique. In
particular, if |Φ〉 is a QFT state, then the positive-norm
1-particle wave function is [34]
ϕ(x) = 〈0|φˆ(x)|Φ〉, (18)
where |0〉 is the vacuum defined by aˆk|0〉 = 0. (For a
generalization to the many-particle wave function and
spin 12 , see also [20, 21, 35].) Thus, the 1-particle wave
function ϕ(x) is also not unique. In the conventional in-
terpretation, the field φˆ(x) is, by assumption, always well
defined, so it is the particle wave function ϕ(x) on the
left-hand side of (18) that cannot be defined without a
preferred foliation of spacetime. However, in our reinter-
pretation, fields and wave functions exchange their roles.
Now the particle wave function ϕ(x) is assumed to be
fundamental and well defined. The field then only plays
an auxiliary role in writing the wave function in terms of
fields as in (18). To do this, one is forced to expand the





where ck are some complex coefficients, so that one can
define the auxiliary field operator through the expansion
(17) that allows the identification (18). Now it is the
field operator (17) that depends on the choice of the basis
{ϕk, ϕ∗k}, while the expansion (19) of the wave function is
considered purely conventional. (We shall discuss it more
systematically elsewhere.) Although we are not able to
prove explicitly that the preferred foliation needed for
the unification of bosonic and fermionic currents must
necessarily coincide with the preferred foliation needed
for the relation between particles and fields, the simplest
possibility is, indeed, that these two foliations coincide.
To summarize, we conjecture that the preferred folia-
tion that emerges from our attempt to introduce a unify-
ing current for bosons and fermions is a manifestation of
the fact that a QFT description of particle interactions
is not fundamental. The implications on the theory of
particles and fields in curved spacetime will be studied
in detail elsewhere, but we note that one immediate con-
sequence is a simple resolution of the old cosmological-
constant problem [17]. The fundamental physical origin
of this preferred foliation is still unclear, but the sections
that follow provide a further insight. In the next section
we show how the unifying current appears more natu-
rally in superstring theory, while in Sec. IV we propose
an interpretation of the particle and superstring currents
in which a preferred foliation turns out to play an addi-
tional physical role.
III. SUPERSTRING CURRENT
A. Elements of superstring theory
To make this paper accessible to readers not familiar
with superstring theory, following [3], in this subsection
we briefly outline some basics of superstring theory. The
shape of a classical string evolving in spacetime is de-
scribed by real functions Xµ(σ, τ), µ = 0, 1, . . . , D − 1,
where σ ∈ [0, π] is the parameter along the string, and
τ parametrizes time. A superstring is also equiped by
Grassmann-valued coordinatess ψµ(σ, τ), where each ψµ












In addition, ψµ transforms as a vector with respect to
Lorentz transformations in spacetime. (Our convention
for various types of indices is summarized in Table 1.)
Introducing the notation τ = σ0, σ = σ1, the action of a
6manifold vector indices spinor indices
spacetime µ, ν m
world-sheet α, β b
TABLE I: Summary of the indices conventions.



















satisfying the 2-dimensional Clifford algebra {ρα, ρβ} =
2ηαβ , and ψ¯ ≡ ψ†ρ0. This action is invariant under the
global world-sheet supersymmetry transformations
δψµ = −i(∂αXµ)ραǫ, δψ¯µ = i(∂αXµ)ǫ¯ρα,
δXµ = ǫ¯ψµ, (23)
where ǫ is a constant infinitesimal Grassmann-valued 2-
component Majorana spinor.
When ǫ is not constant, then (21) is no longer invariant










is the supercurrent. (In the literature, Sα is usually de-
noted by Jα, but we change the notation because in this
paper we will introduce a new superstring current Jµ that
generalizes the particle current jµ of Sec. II.) In super-
string theory, one actually requires local (not only global)
world-sheet supersymmetry. This means that Sα should
vanish for physical states. Similarly, the requirement that
the action should be invariant under reparametrizations
of the world-sheet coordinates σα implies that the world-
sheet energy-momentum tensor Tαβ should also vanish
for physical states. It is convenient to introduce the light-
cone world-sheet coordinates σ± = (τ ± σ), so that the
constraints on Sα and Tαβ can be written as
T++ = T−− = 0, S+ = S− = 0. (25)
From these local constraints one can construct an infinite
set of global constraints. For open strings, these global
constraints are














Here n are integers, while l are integers or half-integers,
corresponding to ψµ(σ) that satisfies the Ramond bound-
ary condition ψµ+(π) = ψ
µ
−(π) (R sector) or the Neveu-
Schwarz boundary condition ψµ+(π) = −ψµ−(π) (NS sec-
tor), respectively. The global quantities Ln and Fl are
referred to as super-Virasoro generators. In the case of
closed strings, there are two copies of super-Virasoro gen-
erators above, corresponding to right-moving and left-
moving strings. Thus, for closed strings we have R-R,
NS-NS, R-NS, and NS-R sectors.
In the quantum theory, the superstring coordinates be-
come the operators Xˆµ and ψˆµ. They satisfy the canon-
ical equal-time (anti)commutation relations
[Xˆµ(σ), Pˆ ν(σ′)] = −iηµνδ(σ − σ′), (29)
{ψˆµb (σ), ψˆνb′(σ′)} = −ηµνδbb′δ(σ − σ′), (30)
where b = 1, 2 is the world-sheet spinor index and Pˆµ =
∂Xˆµ/∂τ . Thus, the super-Virasoro generators (27) and
(28) also become the operators, while the constraints (26)
become the constraints on physical states
Fˆl|Ψ〉 = 0, l ≥ 0,
Lˆn|Ψ〉 = 0, n > 0,
(Lˆ0 − a)|Ψ〉 = 0. (31)
Here a is a constant that depends on the ordering of
the operators. When the normal ordering is used, then
a = 1/2 for the NS sector and a = 0 for the R sector.
It turns out that the quantum super-Virasoro constraints
(31) are consistent only for D = 10. The NS sector corre-
sponds to bosonic states, while the R sector corresponds
to fermionic states. However, not all states satisfying
(31) are physical. The physical spectrum is a truncated
one obtained from the spectrum above by the so-called
GSO projection, which introduces further symmetry of
the spectrum – spacetime supersymmetry.
The correspondence between strings and particles can
be seen by considering the modes with n = l = 0. From
(27) we see that L0 is the Hamiltonian with a term
quadratic in the momenta Pµ, so the last equation in (31)
represents a stringy analog of the Klein-Gordon equation.
In addition, the operator Fˆ0 satisfies Fˆ0Fˆ0 = Lˆ0, so the
equation Fˆ0|Ψ〉 = 0 of the fermionic R sector can be
viewed as a stringy analog of the Dirac equation. Note,
however, that a stringy analog of the Klein-Gordon equa-
tion is satisfied by both sectors, while that of the Dirac
equation is satisfied only by one of the sectors. This fact
will be crucial in construction of the unifying superstring
current in the next subsection.
B. Schro¨dinger picture and the superstring current
In this subsection, we want to construct a superstring
current that represents an analog of the particle current
7jµ discussed in Sec. II. A natural starting point is to
write the last equation in (31) in a form that resembles
the Klein-Gordon equation more explicitly, and similarly
for the equation Fˆ0|Ψ〉 = 0 that resembles the Dirac
equation. In particular, the momentum Pˆµ should be
represented by a derivative operator, analogously to the
particle momentum operator pˆµ = i∂µ. For that purpose,
we need to introduce the Schro¨dinger picture of quantum
superstring theory.
Before starting with the explicit construction, the fol-
lowing observations are crucial. In analogy with the stan-
dard approach to particles in Sec. II A, one could attempt
to construct one superstring current for the bosonic NS
sector and another superstring current for the fermionic
R sector. However, according to the quantum superposi-
tion principle, a general quantum state is a superposition
of states from both sectors. This fact does not have an
analog at the level of (first-quantized) particle wave func-
tions; a superposition of solutions of the Klein-Gordon
and the Dirac equation does not make sense. This re-
flects the fact that in particle physics, as well as in quan-
tum field theory, different particle species correspond to
genuinely different objects. On the other hand, in su-
perstring theory different particle species are only differ-
ent states of the same object – the superstring. There-
fore, in a consistent superstring theory there should be
only one superstring current describing both NS and R
sectors, as well as their arbitrary superpositions. Con-
sequently, as both sectors satisfy the stringy analog of
the Klein-Gordon equation, it is the stringy analog of
the Klein-Gordon equation, and not that of the Dirac
equation, from which the superstring current should be
constructed.
Now we are ready for the explicit construction. From







where Pµ and ψµ are functions of σ, ∂σ ≡ ∂/∂σ, and
ψ† = ψT for a Majorana spinor. In the Schro¨dinger pic-






which is consistent with (29). Various boundary condi-
tions are imposed on the states Ψ, not on the operators.
The explicit representation of the operator ψˆµ(σ) will not
be needed here, but we note that it is a direct sum of the
corresponding operators for all sectors (such as open R
sector, closed R-R sector, etc.). For our purposes, it is
sufficient to know that ψˆµ acts in some Hilbert space with
indices M and that the basis on this Hilbert space can
be chosen such that a different index M(σ) is attributed
to each σ. Therefore, the last equation in (31) can be
written in the Schro¨dinger picture as
(Hˆ − a)Ψ[X,M ] = 0, (34)


























The fermionic part HˆF contains the derivative ∂σ, which
shows that HˆF vanishes in the pointlike-particle limit.
Thus, in this limit, only the first term in (35) survives,
leading to the Klein-Gordon equation.










Again, the second term vanishes in the pointlike-particle
limit owing to the derivative ∂σ. The first term is propor-
tional to ψˆµPˆµ, which looks similar to the Dirac operator
γµpˆµ. Indeed, comparing (30) with (4), we see that ψˆ
µ
are a sort of stringy analog of the Dirac matrices. More






Thus, it turns out that the pointlike-particle limit of the
superstring constraint
Fˆ0Ψ[X,M ] = 0 (39)
is the Dirac equation. However, from (38) we see that,
at the fundamental superstring level, γµ emerges from a
Lorentz vector. Similarly, at the fundamental superstring
level, the Dirac wave function ϕ emerges from a Lorentz
scalar Ψ. This confirms our assertion in Sec. IID that,
at the fundamental level, γµ corresponds to a vector and
ϕ to a collection of scalars.
To avoid confusion, we stress that Ψ and ϕ are scalars
under spacetime coordinate transformations, but not un-
der internal transformations in the Hilbert space with
indices M . In particular, the spinor representation of
the algebra of γµ’s corresponds to a tiny subspace of the
whole Hilbert space in which ψˆµ live. Thus, this inter-
nal spinor representation corresponds to the common de-
scription of fermions in curved spacetime, but does not
play any fundamental role at the unifying superstring
level.
Now, by analogy with the particle current studied
in Sec. II, the superstring current associated with the
stringy analog of the Klein-Gordon equation, Eq. (34), is
Jµ[X ;σ) = i
∫
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spect to X(σ) and a function with respect to σ, while
[dM ] denotes the functional integration over all M(σ).
We see that the superstring current (40) generalizes both
(2) and (13). However, the fundamental superstring cur-
rent (40) does not require a preferred foliation of space-
time, confirming the conjecture in Sec. IID that the pre-
ferred foliation appears only at the level of effective field
theory. In addition, the superstring current does not de-
pend on the value of the parameter a (this is analogous
to the fact that the particle current does not depend on
the mass m), which shows that the same current can be
used for both R and NS sectors. Finally, since HˆF in (35)
is a hermitian operator that acts trivially in the space of
functionals of X , and since the dependence on M is in-
tegrated out in (40), the presence of the term HˆF in (35)
does not spoil the fact that the superstring current (40)





Jµ[X ;σ) = 0. (41)
IV. THE BOHMIAN INTERPRETATION
A. Bohmian interpretation of particles
What is the physical interpretation of the current (2)
associated to the wave function (18)? As the time com-
ponent j0(x) may be negative, it cannot be interpreted
as the probability density of particle positions. The time
component cannot be interpreted as the charge density
either, because the hermitian field φˆ cannot describe
a charged particle. A viable interpretation (see, e.g.,
[24, 25]) is the Bohmian interpretation, according to
which the current determines the trajectory of the parti-




where τ is an affine parameter along the trajectory. Thus,
the trajectory is nothing but an integral curve of the vec-
tor field jµ(x). As such, the trajectory does not depend
on the parametrization with τ . The reparametrization
of all trajectories in the congruence of integral curves is
equivalent to a local rescaling of the current
jµ(x)→ j′µ(x) = eΩ(x)jµ(x) (43)
in Eq. (42), where Ω(x) is an arbitrary real function. If
jµ is conserved, i.e., if ∂µj
µ = 0, then j′µ may not be
conserved:
∂µj
′µ = j′µ∂µΩ. (44)
Thus, for the consistency of the Bohmian interpretation
(42), the current jµ does not necessarily need to be con-
served.
By writing ϕ = ReiS , where R and S are real func-
tions, the current (2) is equal to jµ = −2R2∂µS. By a
local rescaling this can be transformed to jµ = −∂µS.
Therefore, the equation of motion (42) can be written in




However, the existence of such a Hamilton-Jacobi form
is a consequence of the special form of the spin-0 current
(2). For other spins, such a Hamilton-Jacobi form for the
particle equation of motion does not exist. In particular,
for the current (12) where ϕ is a many-component wave
function, a Hamilton-Jacobi form does not exist. Instead,
for arbitrary spin, the motion of the particle is described
by an equation of the form of (42) with an appropriate
particle current jµ.
In Sec. IID we have explained that a preferred folia-
tion is needed for a consistent relation between particles
and fields. In the Bohmian interpretation, a preferred
foliation of spacetime is also needed for another reason,
to specify the instantaneous nonlocal quantum interac-
tion between entangled particles. To see this, consider a
many-particle wave function ϕ(x1, . . . , xn) describing n




∂µa ϕ, a = 1, . . . , n, generalizing the current (2).
Therefore, the Bohmian equation of motion (42) gener-
alizes to n coupled equations [25]
dXµa
dτ
= jµa (X1, . . . , Xn), (46)
for n trajectories Xµa (τ). For each τ , the right-hand side
of (46) depends on the positions of all particles at the
same τ . In other words, the velocity of one particle de-
pends on the “instantaneous” position of all other par-
ticles. Such nonlocal “instantaneous” communication is
exactly what is needed to make the nonlocal correlations
typical of QM [11] consistent with the notion of objec-
tive reality. However, the notion of “instantaneousness”
requires a preferred notion of “time”, i.e., a preferred
foliation of spacetime, which is often regarded as a se-
rious drawback of the Bohmian interpretation. Thus,
the result of Sec. II that the unification of bosonic and
fermionic particle currents also requires a preferred folia-
tion is rather remarkable, because it reinforces the viabil-
ity of the Bohmian interpretation in a rather surprising
manner. It indicates that the break of spacetime symme-
try (needed for the consistency of the Bohmian interpre-
tation) is closely related to the requirement of another
symmetry – a symmetry between bosons and fermions.
Another remarkable property of the currents such as
(2) and (12) is that these vector fields may be spacelike
at some regions of spacetime, even when ϕ is a superpo-
sition of positive-frequency solutions only. Consequently,
the particle velocity (42) can exceed the velocity of light.
As shown in [20], this does not contradict experiments
because a measured velocity, associated to the eigenval-
ues of the velocity (or momentum) operator, can never
9exceed the velocity of light. Nevertheless, under certain
conditions, such superluminal velocities can be reflected
in a measurable statistical distribution of particle posi-
tions [25]. Thus, the existence of superluminal veloci-
ties promotes Bohmian mechanics from an interpretation
without new predictions to a testable physical theory.
There are also qualitative suggestions that superlumi-
nal velocities with associated motions backwards in time
may be related to the physical creation and destruc-
tion of particles. However, such superluminal motions
appear even for free particles corresponding to the free
Klein-Gordon equation (1), whereas the physical creation
and destruction requires field interactions. Therefore,
to make the existence of Bohmian particle trajectories
consistent with the standard QFT predictions on par-
ticle creation and destruction, it turns out that one is
forced to introduce some additional structure that, un-
fortunately, makes the theory less elegant. One possibil-
ity is to postulate stochastically chosen singular points at
which particle trajectories begin or end, corresponding to
particle creation or destruction [36, 37]. To avoid singu-
lar points and stochastic processes that break the spirit
of the Bohmian interpretation, another possibility is to
introduce an additional continuously evolving property
of the particle called effectivity [20, 21], which leads to a
picture in which particle trajectories never begin or end.
Instead, the creation corresponds to a process in which
the effectivity e changes continuously from e = 0 to e = 1,
while the destruction corresponds to a similar continuous
fading from e = 1 to e = 0. Admittedly, both possibilities
seem somewhat artificial. However, as we shall see in the
next subsection, the Bohmian interpretation of strings
offers a much more elegant picture of the processes of
particle creation and destruction. Moreover, superlumi-
nal velocities and associated motions backwards in time
that may seem undesirable at the particle level turn out
to play an appealing role in the Bohmian description of
string creation and destruction, thus reinforcing the via-
bility of particle currents that may lead to superluminal
motions. Various pictures of particle creation and de-
struction, including the Bohmian string picture studied
in the next section, are illustrated in Fig. 1.
B. Bohmian interpretation of strings
Let us start with the Bohmian interpretation of
bosonic (rather than supersymmetric) string theory. In
the bosonic case, the term HˆF in (35) is absent. Conse-
quently, there are noM -indices and the string wave func-
tional is of the form Ψ[X ] = R[X ]eiS[X], where R and S
are real. The Bohmian interpretation introduces a de-
terministic evolution of the string coordinates Xµ(σ, τ),




= −ηµν δS[X ]
δXν(σ)
, (47)
which is analogous to (45). In (47), σ and τ play different
roles, which breaks the manifest world-sheet covariance
of the Bohmian interpretation. However, there is a way
to write (47) in a world-sheet covariant form [15], with
a dynamically generated preferred foliation of the world-














Analogously to that in Sec. IVA, the parameter τ can be
redefined so that the factor 1/2R in (48) gets eliminated,
leading to the equation analogous to (42)
∂Xµ(σ, τ)
∂τ
= Jµ[X ;σ). (50)
In [14, 15], the Bohmian interpretation was studied for
free bosonic strings only. However, one of the most re-
markable properties of perturbative string theory is the
fact that the string analog of particle creation and de-
struction is also described by the free string Lagrangian.
(The specific interactions of the low-energy field-theoretic
4-dimensional Standard Model are incoded in a peculiar
relation between the observed 4 dimensions and the un-
observed extra dimensions of string theory.) Thus, the
free string wave functional Ψ[X ] also contains the infor-
mation about the probabilities for string creation and
destruction. To see how, the crucial observation is that
the functional Ψ[X ] may be nonvanishing even for func-
tions Xµ(σ) that are not continuous. For example, a











< σ ≤ π,
(51)
where Xµ1 (σ) and X
µ
2 (σ) are continuous functions, may
be viewed as a configuration that describes two strings.
Consequently, for such functions, one can write Ψ[X ] =
Ψ[X1, X2], describing a state with two strings. For
entangled strings corresponding to the case Ψ[X ] =
Ψ[X1, X2] 6= Ψ1[X1]Ψ2[X2], the Bohmian interpretation
requires a preferred foliation of the world-sheet (which
can be introduced dynamically [15]), but a preferred fo-
liation of spacetime is not needed here. Nevertheless, a
relation with the foliation of spacetime exists: the vector
nµ(x) associated with the foliation of spacetime can be
projected onto the world-sheet, which then defines a fo-
liation of the world-sheet as well. This does not uncover
a more fundamental origin of the preferred foliation, but
suggests that Bohmian nonlocality and string theory may
be related in a yet undiscovered way. (For an overwiew
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FIG. 1: Various 1 + 1 spacetime pictures of a decay of one particle into two particles. In a naive picture (which should not
be confused with a similarly looking Feynman diagram), the particle literally splits into two particles, leading to a singular
splitting point. No reasonable actual theory supports such a picture. In the standard S-matrix picture, only the measured
asymptotic initial and final states are known, providing no answer to the question what happens at intermediate times at which
measurements are not performed. In the Bohm+creation/destruction picture, particles suddenly and stochastically get created
or destructed at singular points. In the Bohm+effectivity picture, particle trajectories never get created or destructed. Solid
parts of trajectories correspond to fully effective particles with e = 1, dashed parts correspond to 1 > e > 0, while dotted parts
correspond to ineffective (“virtual”) particles with e = 0. In the string-Bohm picture (which, again, should not be confused
with a similarly looking Feynman diagram), the apparent string creation and destruction actually corresponds to a continuous
distortion of a single string. The string boundary between the two crosses moves faster than light. Note that the most advanced
string-Bohm picture is conceptually the most similar to the “naive” one, but contains no singular splitting point.
[12, 13], and for a more stringent relation with Bohmian
nonlocalities, see [14].)
To see more explicitly how the description of string
creation and destruction in the Schro¨dinger picture is
related to the usual formulation of string theory [3, 4],
we proceed as follows. We start from the functional
Schro¨dinger equation
HˆΨ[X ; τ) = i∂τΨ[X ; τ), (52)
where, for convenience, the constant a is absorbed into a
redefinition of the Hamiltonian Hˆ . As is well known from
particle quantum mechanics and QFT [34], the evolution
described by the Schro¨dinger equation is equivalent to
Ψ[X ; τ) =
∫
[dX ′] 〈X ; τ |X ′; τ0〉Ψ[X ′; τ0), (53)
where [dX ] is a functional integral with respect to all
Xµ(σ), the propagator 〈X ; τ |X ′; τ0〉 is given by the path
integral
〈XA; τA|XB; τB〉 =
∫ XB(σ),τB
XA(σ),τA
[dX(σ, τ)] eiA[X], (54)
and A is the classical action (21) (without the fermionic
part depending on ψµ, as we deal here with bosonic string
theory). In the path integral above, various functions
Xµ(σ, τ) may be discontinous at various points and can
be classified according to different topologies of the cor-
responding world-sheets. Therefore, (54) can be further
written as








where [dX(σ, τ)]g denotes the integration over functions
that describe the same topology. So far we have been
assuming that Ψ satisfies the Schro¨dinger equation (52),
but actually this is not the only equation that Ψ sat-
isfies. First, it also satisfies the Hamiltonian constraint
HˆΨ = 0, which means that Ψ in (52) does not really
depend on τ , and consequently, that the propagators
(54) and (55) do not really depend on τA and τB . Sec-
ond, it also satisfies all other Virasoro constraints for
n > 0 (see Eq. (31)), which implies that the propagator
does not depend on the choice of the world-sheet met-
ric hαβ(σ, τ). Therefore, in (55), one must replace the
implicit Minkowski world-sheet metric ηαβ in (21) by an
arbitrary metric hαβ(σ, τ) and integrate over all possible






[dh(σ, τ)][dX(σ, τ)]g e
iA[X,h],
(56)
where [dh(σ, τ)] denotes the functional integral over all
possible world-sheet metrics hαβ(σ, τ). (In the bosonic
case, (56) turns out to be well defined only for D = 26.)
Consequently, (53) is replaced by
Ψ[X ] =
∫
[dX ′] 〈X |X ′〉Ψ[X ′], (57)
where, in the light-cone gauge, [dX ] = [dX2] · · · [dX25].
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Eq. (56) is nothing but the usual path-integral formula
for calculating the string scattering amplitudes, where
the summation over g corresponds to the summation over
Feynman diagrams with different topologies. The quan-
tity Ψ[X ] in (57) is the string wave functional that defines
the bosonic string current (49).
As is well known from the Bohmian interpretation of
particles and fields, solutions of the Bohmian equation
of motion (47) can only attain configurations for which
the amplitude Ψ[X ] does not vanish. Moreover, when
the quantum-mechanical probabilities are well-defined by
Ψ[X ], then the corresponding probabilities predicted by
the Bohmian interpretation turn out to be exactly the
same. Now, since Ψ[X ] contains amplitudes correspond-
ing to different world-sheet topologies, including those
that correspond to string splitting, it is evident that the
Bohmian equation of motion (50) contains solutions cor-
responding to the same world-sheet topologies. In par-
ticular, some solutions describe deterministic processes
of string splitting, which correspond to particle creation
and destruction (see Fig. 1 for an example). In fact, such
splitting solutions exist even in classical string theory
[38]. In this way, unlike the Bohmian interpretation of
pointlike particles, the Bohmian interpretation of strings
does not need an artificial introduction of stochastic sin-
gular points at which the particle trajectories begin and
end, or an artificial introduction of effectivities. Thus,
the Bohmian interpretation of strings provides a very el-
egant solution to the problem of the Bohmian description
of particle creation and destruction.
Now we also see why it is appealing that the current
such as (49) may be locally spacelike. In the Bohmian
interpretation this corresponds to local superluminal ve-
locities, which, as demonstrated by Fig. 1, is related to
string creation and destruction without leading to sin-
gular splitting points, provided that S[X ] is sufficiently
smooth, leading to a smooth right-hand side of (47).
(Without superluminal velocities, the U-shape of the
string boundary between the two crosses would be re-
placed by a V-shape containing a singular splitting point
at the cusp.)
Now the generalization of the bosonic-string results
above to superstrings is obvious. It is evident that the su-
perstring generalization of (49) is the superstring current
(40). Thus, the natural interpretation of this superstring
current is the Bohmian interpretation defined by (50).
Note that, in the superstring case, there is no Bohmian
equation of motion for the “classical” Grassmann valued
coordinate ψµ in (21). This is analogous to the fact that
in particle Bohmian mechanics there is no Bohmian equa-
tion of motion for the spin of the particle [39]. The spin
degrees of freedom are integrated out in the particle case
(13) in the same manner as the degrees of freedom at-
tributed to ψˆµ are integrated out in the superstring case
(40). In this way, the Bohmian interpretation of super-
strings provides a sort of explicit realization of the idea
that in Bohmian mechanics “all particles are identical”
[40].
V. CONCLUSION
This paper contains several new results on boson-
fermion unification, string theory, and Bohmian mechan-
ics. As our main aim is to emphasize the new conceptual
aspects, some results can certainly be formulated more
rigorously in the future. But what exactly are the prob-
lems that these results are supposed to solve? It depends
on what one considers to be a problem.
From the perspective of a traditional theoretician not
interested in foundations of quantum mechanics (QM),
we have contributed to the understanding of boson-
fermion unification by constructing unifying particle and
superstring currents. We have also explained how these
currents lead to a preferred spacetime foliation in effec-
tive field theory and indicated how it reinterprets the
notion of particles in QFT in curved spacetime. Still, to
fully understand the physical meaning of these currents,
it is necessary to deal with foundations of QM itself.
From the perspective of physicists interested in various
interpretations of QM, we have presented a new argu-
ment for the naturalness of the Bohmian interpretation,
by observing that this is a natural interpretation of the
unifying particle and superstring currents.
From the perspective of physicists interested in the in-
ternal problems of the Bohmian interpretation, we have
offered solutions to several fundamental problems of that
interpretation. These problems and solutions may be
summarized by the following items:
1. Fundamental ontology – only strings (appearing as
particles at low energies) have an objective exis-
tence, for both fermions and bosons.
2. Creation and destruction of particles – corresponds
to continuous string splitting described by the
Bohmian equation of motion.
3. Superluminal Bohmian velocities – play an appeal-
ing role for string splitting without singular split-
ting points.
4. Preferred foliation of spacetime – appears to be re-
lated (in a surprising way) to the boson-fermion
unification.
Of course, string theory, supersymmetry, and boson-
fermion unification are still not experimentally con-
firmed, so other variants of the Bohmian interpretation
are not excluded by our theoretical results. Neverthe-
less, from an aesthetical point of view, such a unified
Bohmian picture seems to be a very natural one. In
addition, as both superstring theory and Bohmian me-
chanics contain some nonlocal features that may manifest
as a preferred foliation of spacetime, it is possible that
there is an even deeper not yet discovered relation be-
tween these two theories. Therefore, we believe that our
results show that physicists interested in the Bohmian
interpretation should become more interested in super-
string theory. Conversely, we also believe that the results
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of this paper, together with those of [14, 15], suggest
that physicists interested in string theory should become
more interested in Bohmian mechanics as well. The fact
that both theories are often unjustifiably criticized for
not being experimentally testable is not the only thing
that relates them. Although the fundamental problem
of measurement in QM is traditionally not regarded as
a problem that the “theory of everything” is supposed
to solve, our results on the relation between superstring
theory and Bohmian mechanics suggest that the solution
of the measurement problem could also be a part of it.
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